A two-dimensional boundary element method with a constant element type was adopted to study the sound field of a building near a roadway. First, a factor analysis of the computed results has been done, which include the element length, the Hankel functions' calculation accuracy, and numerical integration accuracy. Then, boundary element method is applied to calculate building attenuation with different building aspect ratios and different frequencies with balconies, followed by drawing of the sound field distribution diagram. The calculation results revealed the following: (1) a wider building results in a more severe sound attenuation; (2) balconies on different floors produce a reduction of approximately 15 dB for broadband spectral characteristics of A-weight road traffic noise, and the maximum values appear at the bottoms of balconies; (3) for the points in the balconies, higher sound frequencies are correlated to larger insertion loss, with the insertion loss increasing from 3 dB to >10 dB when the sound frequency increases from 20 to 4000 Hz; (4) calculations of three typical frequencies indicate that the insertion loss of 500 Hz (main frequency of heavy vehicles) is 6 dB less than that of 800 Hz (main frequency of light vehicles), i.e. the flow control of heavy vehicles could conspicuously improve the ambient acoustic environment of buildings near a roadway.
Introduction
The phenomenon of the propagation of sound waves around obstacles is one important form of sound transmission. Of particular interest are the acoustic environments of the buildings close to roadways because they have a direct effect on our daily lives. 1, 2 Nowadays, scholars have proposed numerous methods to calculate the acoustic attenuation, which include the experimental modeling method, 3, 4 the geometrical acoustics method, 5, 6 and the numerical simulation method. [7] [8] [9] The experimental modeling method produces scene-adaptive models that generate results that more closely approximate the real sound pressure level (SPL). However, the method is limited in use as it requires substantial equipment and manpower. The geometrical acoustics method, such as the geometrical theory of diffraction (GTD), 10 the ray tracing method, 11, 12 the beam tracing method, [13] [14] [15] the image source method, 16 and comprehensive methods, 17, 18 can model the reflection and diffraction effects by simulating the traces of sound. While, such modeling demands strict control 19 over the many calculation parameters and can be very computationally intensive when the process of sound transmission is complex. 20 In addition, relatively small dimensions limit the accuracy of these methods for low-frequency sound transmission calculation.
Another common and effective simulation method that is widely used is the numerical simulation method, which includes the boundary element method (BEM), [21] [22] [23] [24] finite element method, [25] [26] [27] [28] and finite difference method. 29, 30 In this method, reflection and diffraction are not considered separately but appear as an integral part of the solution of the wave equation. Due to the advantages of dimensionality reduction, high calculation accuracy and excellent adaptability to complex boundaries, 31 BEM has been used to calculate the reactions to noise by the various shapes of barriers, 32 balconies, 33 and buildings 34 of a typical region. The purpose of the work is to investigate the sound field of a building region produced by a nearby stream of road traffic via BEM, which persuade three objectives. First, it can provide noise distribution of balconies building area instead of only typical points, and the noise analysis based on this can be not only global but also local. Second, discussions of accuracy analytical solutions, considering frequencies of traffic noise, were also introduced. Third, balconies, different aspect ratios, and various frequencies are considered to describe the properties of sound attenuation of the building region, with a focus on balconies. In addition, simple measures are considered for noise abatement.
BEM equations for sound fields

Establishment of the boundary integral equation
As shown in Figure 1 , there is a two-dimensional (2D) sound field involving a long enough sound barrier and a line acoustic source which is parallel to both the sound barrier and the ground. S is taken as the boundary of the sound barrier, the acoustic source is located at r 0 ¼ (x 0 , y 0 ), an arbitrary receiving point is located at r ¼ (x, y), the sound pressure p(r, r 0 ) at r satisfies the equation
where
is the wave number, ! is the wave frequency, c is the sound velocity, and r À r 0 ð Þrepresents the sound source at r 0 . On the boundary, p(r, r 0 ) satisfies the impedance boundary conditions
where n is the outward normal direction of the boundary, i stands for the imaginary unit, and refers to the acoustic admittance of the boundary. A boundary integral equation can be obtained according to Green's second integral formula, considering conditions of the boundary and properties of the function
where where G c (r, r 0 ) is a fundamental solution of the Helmholtz equation, suppose the ground is a fully rigid boundary, then G c (r, r 0 ) can be expressed as 
BEM used to solve boundary integral equations
Divide the boundary S discretely into N small linear elements and mark them s 1 , s 2 ,. . .s N . Let the SPL p(r i , r 0 ) at the midpoint of element i denote the sound pressure at any point within the element, then equation (3) can be written as
r is set as r 1, r 2, . . ., r N , then a group of coefficient linear equations could be obtained, with respect to unknowns of p(r 1 , r 0 ), p(r 2 , r 0 ), . . ., p(r N , r 0 )
where 
All elements in matrix [A], vector [P], and vector [G] are complex ones. Solve the linear equations, and put the obtained boundary sound pressure p(r 1 , r 0 ), p(r 2 , r 0 ), . . . , p(r N , r 0 ) into equation (6) , then sound pressure p(r, r 0 ) can be calculated.
Then ÁL, the insertion loss of the sound barrier, is given by the following formula
where p 0 (r, r 0 ) stands for the sound pressure at the receiving point if the sound barrier takes no effect
A factor analysis of the computed results
Impact of the element length
During the calculation of the building's insertion loss ÁL using BEM, the precision and the calculation efficiency of the final result can be affected by the element length. There have been many studies on analysis of element size in BEM. As such, Marburg and Schneider, 35 Marburg, 36 Nolte and Marburg, 37 and some others presented and discussed formulation of discontinuous elements and position of nodes on the element. A 2D building, depicted in Figure 2 (a), was used as an example to study the effects of the element length on results of BEM. The acoustic absorptivity of building is 0.4 (the same below). The sound velocity is set to 340 m/s (the same below), and the wavelength is expressed as . The element length l is set to , /2, and /5.
Impact of the element length on the results. GTD is a method that calculates noise levels of receivers by finding the theoretical solutions of acoustic wave equations. For a complex scene such as balconies building region, GTD is out of operation as the theoretical solutions are inexistent. Thus, BEM are used to get the numerical solutions of acoustic wave equations. As the accuracy of GTD has been verified by scholars, 38 comparisons to BEM with various factors were helpful for accuracy analysis of BEM.
As shown in Figure 2 , calculations were performed with sound wave frequencies in the range of 20-4000 Hz. When the frequency is below 1500 Hz, the BEM yields results consistent with those of the GTD if the element length l is . A difference (approximately 5 dB), which appears when the frequency exceeds 2000 Hz, increases (10-20 dB) for frequencies greater than 3000 Hz. The coincidence degree of the curves increases significantly if the length of each element is subdivided into /2. However, a comparatively large deviation (over 10 dB) still occurs when the frequency exceeds 3300 Hz. If the length of each element is further subdivided into /5, then the BEM results are consistent with the GTD results at a frequency below 4000 Hz. Thus, the accuracy of the BEM results is found to be strongly correlated to the element length. A /5 elements length is adopted in the behind dissertation.
Due to BEM discretization of the boundary integral equations, the method is actually a type of mathematical approximation to the original physical problem. In terms of calculation accuracy, the number of parts into which an element is subdivided directly correlates to the accuracy of the computed solution. Each element in the coefficient matrix [A] is actually an approximate value that is determined by the discretization of the boundary and is Impact of the element length on the efficiency. The element length determines the number of elements, and the computed time includes the expense of equation establishment and the generation of the solution. After getting the computation times of different element length, curve fitting with a principle of least squares was used while describing the relationship between the element length and efficiency. Figure 3 shows the relationship between the calculation efficiency and the element length for an 800 Hz sound. The computed time increases exponentially with the subdivision precision of the element. The relationship of time (z) and element length (x) can be described as a matched curve: z ¼ 4284.3e
.
The impacts of the accuracy of Hankel functions on the results
The precision of the final result may be affected by the Hankel functions' calculation accuracy (in equations (5) and (13)). The impacts of Hankel functions were analyzed as follows. Hankel functions are given by
When x is comparatively small
When x is large enough, equations (16) and (17) converge quite slowly, and the following asymptotic formula is applicable for calculation here
In this dissertation, the first m terms of equations (16), (17), (20) , and (21) were taken to calculate Hankel functions. Equations (16) and (17) are adopted if x < m/2, whereas equations (18) 
The impacts of the accuracy of numerical integration on the results
During the establishment of linear equations (7), all elements in matrix [A] were obtained through integration of equation (9) with numerical integration approaches. The precision of all elements in matrix [A] is directly influenced by the integration accuracy, which further affects the final results.
Two numerical integration methods, midpoint rectangle rule and composite four-point Gaussian quadrature rule, have been compared in this dissertation. Under the midpoint rectangular rule, an integrating interval is equally divided into k subintervals, and the function value at the midpoint of a subinterval is taken as the value of the subinterval (totally k computing points are taken). Whereas under the composite four-point Gaussian quadrature rule, the integrating interval is also equally divided into k subintervals, and four computing points are taken within each subinterval in a certain proportion and weighting (4k computing points are taken in all). Likewise, Figure 2 (a) has been taken for example. The first 26 terms of the progression in the Hankel function were selected during calculation. The midpoint rectangle rule and the composite four-point Gaussian rule were, respectively, used in integration, and other conditions were the same as those in the previous example. The relationship between the number of computing points (taken during the integration of each element) and the final results of ÁL has been presented in Figure 5 . It is clear that the number of integration points has relatively little effect on the results, and the composite four-point Gaussian rule has a higher convergence rate than the midpoint rectangle rule. During calculation with the four-point Gaussian rule, an accuracy of eight digits could be reached as long as more than 20 computing points are taken in each element. Insertion loss (dB)
Number of terms 
Sound calculations of buildings with different aspect ratios Scene description
In actual scenarios, the buildings near roadways vary in size, and the aspect ratios of these buildings may have an effect on sound attenuation. The 2D building depicted in Figure 6 (a) was used as an example to study the effect of the aspect ratio on sound propagation. The sound frequency is set to 800 Hz. The widths of the building are set to 
Sound propagation properties for different aspect ratios
The plane y ¼ 10 is chosen to study the properties of the horizontal changes of the insertion loss using different aspect ratios. The relationship between the distance x 0 (distance of the receiver to the building) and the result of ÁL is presented in Figure 6 The plane x ¼ 40 is chosen to study the properties of the vertical changes of the insertion loss using different aspect ratios, as described in Figure 7 (a). 
Study of a balconied building near a roadway using BEM Sound field of the building region
Balconies are common components of a building's fac¸ade. A sound propagation study of the building region is especially significant in the region of balconies, whose acoustic environment can have a large effect on people inside the building. An example is modeled and has the configuration described in Figure 8 . The thickness of the balcony walls and floor construction is 0.1 m. The sound frequency is set to 800 Hz. The model is simplified from a 3D model, in which the source is an infinite coherent line source parallel to the outer fac¸ade of the building.
A grid of 100 Â 100 mesh points is set in the region. For each point, the SPL is calculated via BEM; the calculated sound field of this region is depicted in Figure 9(a) . The level difference is defined as LD ¼ SPLa À SPLb, where SPLa is the SPL at the receiver when the building is absent, and SPLb is the SPL Insertion loss (dB)
Number of points at the same receiver when the building is present. The value of LD can describe the insertion loss of barriers (building and balconies) behind them and the SPL changes in front of the buildings. Figure 9 (b) shows the LD before and after the building is present. The building and balconies have an obvious shading effect on the propagating sound, and the maximum LD is greater than 15 dB.
Sound attenuation on different floors
The sound attenuation on different floors with balconies is considered in this section. The micromesh sound field and the LD of different floors are depicted in Figures 10 to 12 . There is an obvious line (LD ¼ 0 dB) at each floor, which means the boundary of the balconies' shadow areas. Though values of the SPL and LD share the approximately same ranges with 56-80 and À2 to 20 dB, respectively, different floors present diverse sound fields due to the various geometrical conditions. Additionally, due to the differences of the relative locations between the source and the balconies, the shadow zone region is greater on higher floors and the distributions of noise are more tanglesome. In addition, at the top of the shadow zone, the insertion loss is not as distinct as it is at other areas because of the reflections from the ceilings. To discover the sound attenuation effects on different floors, planes a, b, c, and d are chosen for noise calculation analyses. As indicated by the lines in Figure 8(b) , plane a is 0.5 m from the outer fac¸ade, and lines b, c, and d are 0.5, 1.0, and 1.5 m, respectively, from the rear wall of balconies. SPL and LD of the four planes are calculated, as depicted in Figure 13 .
In Figure 13 , it is clear that balconies have obvious sound-shading effects, and that a trend of decline of SPL with height is observed. For plane a, which is outside of the outer fac¸ade of the balconies, LD varies between À1.87 and 0.59 dB. Due to the effect of the balconies, the SPL and LD curves of plane a fluctuate more than at heights of 3.5-5, 7-8.5, and 0.5-12 m (the heights of the balconies). Large sound attenuation occurs when planes b, c, and d pass through the balconies. The maximum LD values and the ranges of the protuberances of the curves are listed in Table 1 . It can be seen that there is almost no difference in maximum LD between the different floors as all the values are approximately 15 dB. The height ranges of plane b where large attenuations appear become larger when the plane moves to c and d. The ranges of the protuberances of the curves reveal the scope of the balconies' influence, with the shadow area being greater at the room side.
The sound attenuation levels of the balcony areas and shadow areas on different floors are listed in Table 2 . Combined with the sound fields shown in Figures 10 to 12 , the maximum insertion losses of balconies appear at the bottom of the balcony areas. The values of the maximum insertion losses at the second, third, and fourth floors are 16.78, 16.45, and 16.32 dB, respectively, and appear at the coordinate points (3.75, 9.3), (7.25, 8.75) , and (10.75, 8.6) , respectively. Considering all of the values and shadow areas, the balconies on the higher floors result in better sound abatement.
Impacts of different frequencies on the sound attenuation of balconies
As there is a wide range of sound frequencies, the shading effects of balconies under differing frequencies are different. Thus, study of the propagation of sound in the balcony areas for different frequencies is required, especially in the range of the typical low and medium frequencies of road traffic noise.
As depicted in Figure 8 approximately 0.5 dB with different frequencies. Thus, the LD results are apparently not related to the frequency, as there is only direct and reflected sound at point A. However, the LD presents a distinct pattern regarding points B, C, and D. The LD, which is only approximately 3 dB when the sound wave frequency is below 500 Hz, increases with the frequency. When the wave frequency reaches 4000 Hz, the LDs of B, C, and D are approximately 14, 13, and 10 dB, respectively. Thus, we can conclude that the LD of the balconies is significantly related to the sound wave frequency, with the balconies having a greater shading effect on higher frequency sound. The frequency of road traffic noise varies from 40 to 4000 Hz. Because of the diversity of physical structures, different types of vehicles have different sound emissions, 39 and, when vehicles travel at a normal speed, the frequencies of light, medium, and heavy vehicles concentrate at 800, 630, and 500 Hz of the 1/3-octave spectrum, respectively.
The results of the LD under the three frequencies mentioned above are depicted in Figure 15 . The average insertion losses of the second to fourth floors are approximately 15 dB when the frequency is 800 Hz, 13 dB when the frequency is 630 Hz, and 9 dB when the frequency is 500 Hz. The attenuation is more obvious for noise from light vehicles compared with noise from medium and heavy vehicles, with D values of 2 and 6 dB, respectively. The shadow area could be ranked as follows: 500 Hz < 630 Hz < 800 Hz; this relationship indicates that the lower frequency sound can bypass the barrier more easily. Thus, flow control of heavy vehicles whose sound is concentrated in low frequencies is an effective measure to improve the acoustic environment near roadways.
Conclusion
BEM was used to calculate the sound field of a building region produced by a nearby stream of road traffic. Noise distribution of balconies building area instead of only typical points was depicted, and the noise analysis based on this is not only global but also local.
The computed results are softly affected by the calculation accuracy or the numerical integration accuracy of Hankel functions. However, the element division has relatively significant effects on such results. The computed time increases exponentially with the reciprocal of the length scale of the elements.
The insertion loss ÁL increases with the aspect ratio r. ÁL is in a range around a fixed value, with a limited x 0 in the horizontal plane. While the properties are different for a vertical plane: when the height is low enough, the insertion loss is in a range around a fixed value, and a decay, which appears when the height reaches the building's height, approaches zero as the height increase to the source visible height.
The results of the LD on different floors demonstrate that the scope of influence of the balconies is greater on the room side. The maximum insertion losses of the chosen lines inside the balconies are all approximately 15 dB at different floors, while the LD outside of the balconies varies from À1.87 to 0.59 dB.
Higher sound frequencies are correlated to larger insertion loss, and for the points from the rear wall of the balcony, the insertion loss is increasing from 3 dB to > 10 dB as the frequency increases from 20 to 4000 Hz. Attenuation is more prominent for noise from light vehicles compared with noise from medium and heavy vehicles, where a D value of 2 and 6 dB is found, respectively. As a result, flow control of heavy vehicles can be used as a considerable measure to abate road traffic noise.
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